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THESIS ABSTRACT.
The many epithermal deposits of the Coromandel Peninsula, ('Hauraki volcanic zone')
display a range of structural characteristics at a number of scales that illustrate the varied
processes involved in their formation.
Structural information synthesised from existing literature, including the theses on different
parts of the Coromandel Peninsula suggests that there is widespread tilting towards the east
and south throughout the region. Blockfaulting in the basement influences trends within the
overlying volcanics.
On a large scale, deposits may exhibit plane strain (e.g. Karangahake) or three dimensional
strain in an orthorhombic fashion (e.g. Kapanga) or in a fashion akin to the model proposed
by Harding for strike slip systems (e.g. Golden Cross underground). Other deposits have a
more complex three-dimensional structure (e.g. Hauraki). Linked deposits, such as those seen
underground and in the open pit at Golden Cross, may have quite different characteristics
(Harding 3-D and plane-strain respectively).
At an outcrop scale, vein opening processes are reflected in the patterns of veining and shape
of individual veins. There are several very common vein shapes in Coromandel epithermal
deposits. The influence of pre-existing planar features, including columnar jointing, is
important, with veins often following their precursors. The main processes which influence
vein patterns and shapes are shearing (pre, syn, alternating with and post vein opening),
oblique opening ('shear opening') and perpendicular opening ('dilational opening') of veins.
Rotation between adjacent blocks causes tapering veins. Other, non-dilational, processes
resulting in vein opening or widening include erosion, dissolution and desiccation. The
influence of folding on individual patterns is not clear.
Jigsaw breccias are gradational with vein networks.
Vein fill material gives information about some opening processes -such as cyclic opening
and sealing- as well as filling processes that are influenced by such factors as fluid
composition, hydrology, kinetics (which may in turn be influenced by factors such as seismic
activity) and sedimentology within the veins. There are a variety of breccia types, probably
reflecting a number of brecciation processes.
A mathematical model is developed for ascertaining opening vectors for systems of three
intersecting veins.
Careful study of one level of a deposit can reveal a great deal of information about the whole
deposit (e.g. Golden Cross underground workings, Golden Cross open pit). Old mine plans,
used in conjunction with modem field studies, are a valid and valuable additional source of
information (Kapanga).
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An Extract from the Old Testament.

28 "'There

is a mine for silver

I51t cannot be bought with the finest gold,
nor can its price be weighed in silver.

and a place where gold is refined.

161tcannot be bought with the

'Iron is taken from the earth,

gold of Ophir,

and copper is smelted from ore.

with precious onyx or sapphires.

3 ~ a puts
n an end to the darkness;
17

Neither gold nor crystal can compare with it,

he searches the farthest recesses

nor can it be had for jewels of gold

for ore in the blackest darkness.
4

18coral and jasper are not worthy

Far from where people dwell he cuts a shaft,

of mention;

in places forgotten by the foot of man;

the price of wisdom is beyond rubies.

far from where people dwell he cuts a shaft,

1 9 ~ hTopaz
e
of Cush cannot compare with it;

In places forgotten by the foot of man;

it cannot be bought with pure gold.

far from men he dangles and sways.
20"

5

The earth, from which food comes,

Where then does wisdom come from?
Where does understanding dwell?

is transformed below as by fire;
21

'sapphires come from its rocks, and its dust

It is hidden from the eyes of
every living thing,

contains nuggets of gold.
7

No bird of prey knows that hidden path,
no falcon's eye has seen it.

Concealed even from the birds of the air.
22~estruction
and Death say,
'Only a rumour of it has reached our ears.'

B ~ r o ubeasts
d
do not set foot on it,

23

and no lion prowls there.

God understands the way to it
and he alone knows where it dwells,

h a n ' s hand assaults the flinty rock
24

for he views the ends of the earth

and lays bare the roots of the mountains.

and sees everything under the heavens.

OH^ tunnels through the rock;
his eyes see all its treasures.

"when he established the force of the wind
and measured out the waters,

" ~ searches
e
the sources of the rivers

"when he made a decree for the rain

and brings hidden things to light.

and a path for the thunderstorm,

""Bu~ where can wisdom be found?

!7then he looked at wisdom and

Where does understanding dwell?

appraised it;

, 3 ~ adoes
n not comprehend its worth;

28

he confirmed it and tested it.

it cannot be found in the land of the living.

4nd he said to man,

?he deep says, 'It is not in me';

'The fear of the Lord- that is wisdom,

the sea says 'It is not with me.'

and to shun evil is understanding.' "

.

Job, chapter 28. (NIV) Written circa 500BC.
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Chapter I

Introduction

Chapter One.

INTRODUCTION.

Chapter I

Introduction

1.1 THE AIMS OF THIS THESIS.
1.1.1 Background

Over seventy epithemal deposits are known within the relatively small region of the
Coromandel Peninsula (Henley, 1985; Brathwaite et a]., 1989; Christie and
Brathwaite, 1986; Clarke et al., 1990), the largest of these being shown in Fig. 1.
Despite being of similar age and being formed in a limited range of host rocks, the
deposits exhibit a great variety in many of their characteristics, including their large
and small-scale structure.
In addition, there is a wide range in the type and amount of data available for different
deposits. Many of them were extensively mined between the mid lgth and early 2oth
centuries, miners frequently burning off the bush, allowing the soil to wash away.
Surface outcrop was available, and also detailed underground mine plans were keptparticularly of the more significant mines. Some of these data are still available today
(Frazer and Adams, 1907, 1922, Downey, 1935). However, due to strong regrowth of
the bush, the currently accessible outcrop is very limited-often only in streams or a
few remaining (and often decidedly unsafe) adits on the edge of the deposits
(Brathwaite, 1988; Moore and Ritchie, 1996). Deep mines are invariably flooded and
inaccessible. It is not, then, possible to check how reliable the data are. Mining
colloquialisms can also cause confusion.

Some areas were explored during a renewed interest in mining during the 1970s and
'80s (Brathwaite et a]., 1986) and some of the data collected during this time is
available. In other areas very little documentation is readily available.

In the south of the Coromandel Peninsula, at the Martha (Waihi) and Golden Cross
mines (Fig. 1, 2), which are both very complex deposits that have been worked
recently, the problem is quite a different one. Here the question is how best to deal
with an almost overwhelming amount of data in order to elucidate structural processes
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that occurred on a variety of scales. At least nine theses have already been written on
these two deposits alone (e.g. DeRonde, 1985; Cargill, 1994).

Internationally, epithermal deposits have been well studied in terms of their
geochemistry, alteration and vein mineralogy and fluid inclusions (e.g. Berger and
Bethke, 1985), but relatively little has been presented on the structural processes
involved in their formation. Very few papers have structure as their main focus.
Analyses of individual deposits are often simplistic. In some cases they do not reflect
the small-scale processes recorded within the deposit, sometimes presenting very little
data on the orientation of veins to support their preferred model.

The structural processes at work in this high level, brittle environment are absolutely
fundamental to the formation of veins in epithermal systems. Without understanding
something of the influence of these basic processes, one may not understand how an
epithermal deposit comes to form with its own particular location, geometry,
orientation or extent. Therefore this paucity of knowledge represents a very significant
gap in the understanding of epithermal deposits in general. The next section (1.2)
presents a literature review of recent work that has been published on fracture systems
in order to show how this thesis seeks to close some of these gaps in our
understanding.

It is also very important to note that epithermal deposits have their own mechanisms,
which are very different from those of deeper, mesothexmal deposits. These
differences are due to differences in temperature, confining pressure and rock
behaviour. The principles that apply to mesothermal deposits may not be simply
transferred to deposits in an epithermal environment.

1.1.2 The aims o f this thesis.
The main aim of this thesis is to investigate the structural controls and geometry of
selected deposits of the Coromandel Peninsula. The aim is threefold. It is (a) to
elucidate epithermal structural processes at different scales, (b) to compare with active
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geothermal systems and if possible to shed light on processes that occur subsurface,
(c) and to put the structures as described and their associated stress regimes into their
regional Coromandel and northern North Island geological setting.

Of particular interest is the extent to which three-dimensional strain is important, since
most of the literature tends to interpret the structure of epithermal deposits in terms of
two-dimensional strain (e.g. Sibson, 1995).

1.1.3 The deposits.
The three deposits that were studied are very different from one another in terms of
their geological setting, and also the type and amount of data that were available.
Matawai (Fig. 1, 2) spans the boundary between the greywacke basement and the
overlying Coromandel group volcanics (Downey 1935). There is very little literature
available on this deposit. Old mine workings in the area are unsafe and outcrop is
limited to the small veins present in a roughly horizontal track and an almost vertical
roadcut. The Kapanga deposit (Fig. 1, 2) is set exclusively in the andesites of the
Coromandel Group volcanics. Old mine plans were available and there was access to a
few old mine workings. The Golden Cross deposit (Fig. 1, 2) is hosted by the
Coromandel Group and the overlying Whitianga Group volcanics. It was mined
extensively during the period 1991-1999 and a great deal of data and access became
available during the course of the study.

1.1.4 The methods o f studv.
Overall structure of the deposits.
Stereographic plots of all small-scale structures mapped at each deposit provide the
main basis for this analysis. The data collected were used in conjunction with that
available elsewhere (at Matawai no additional data were available). Consideration of
poles and intersection1 deflection lines together enabled the application of various
models to the data. The models included plane strain, an orthorhombic threedimensional strain model after Krantz (1988), a compartmentalised three-dimensional
strain model after Harding (1974) and folding of vein systems. The Krantz and
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Harding models were originally described for fault systems and here they are
developed to include systems that open out as veins and also include a tension gash
orientation. The overall stress regimes for the deposits that became apparent from this
modelling were applied to the regional tectonic picture of the Coromandel Peninsula.

The main questions at the overall deposit scale were:

1) Two-dimensional or three-dimensional strain?
2) If three-dimensional strain, what is the nature of the mechanism by which it was
achieved?
3) Extensional, compressional or strike-slip regime?
4) To what extent do the large and small scales reflect one another?

5) What do the stress regimes say about the regional tectonic history?

How the structure of epithermal systems develops with time.
At Golden Cross it was possible to study the evolution of the epithermal structure
because of the presence of pre-existing joints on the periphery of the system, followed
by formation of early pyrite veins, then many phases of quartz veining, late stage
calcite and finally barren crosscutting faults. Each of these systems were individually
analysed and then compared.

At this scale the main questions were:

1) To what extent does pre-existing structure dictate the orientations of later phases?
2) How does a new stress regime interact with a pre-existing network of fractures?
3) Are sealed veins a weakening or strengthening feature of the rock? (do later phases
reopen or crosscut earlier veins?)

Smaller scale processes.
The smaller scale processes were mainly studied at Golden Cross, since very good
outcrop was present. Small-scale processes may be subdivided into two to cover those
that open veins and networks of veins and those that fill them. The former were
investigated by studying the shape of individual veins and small patterns of veins, and
in some cases how they interacted with small shears. The study of the latter was
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achieved by examining the internal textures of veins. These processes included the
interaction of structure with fluid flow, state changes, chemical and physical
conditions and fluctuations in all these.
Here the main questions are:
1) What shapes of veins and networks of veins are common?

2) What are the main mechanisms by which epithermal veins open?

3) What are the characteristics of breccias in the deposit and may anything be
inferred about their different modes of formation?
4) Within veins can we identify which processes are structural and which are not?

5) Where other processes are involved, how do they interrelate with the structural
processes?
6) How influential are structural processes in determining the final characteristics of
the epithermal deposit?
7) To what extent do small-scale processes reflect the large scale?

1.1.5 The validity o f the methods.
Early work on this thesis included detailed mapping of an exploration drive at Golden
Cross. Most of the analysis presented in this thesis relates to this mapping. One
question that follows from this is how valid is it to use data from a very limited part of
a deposit to infer information about the structure of the body as a whole. To what
extent does mapping one level reflect the overall structure?

When active mining began at Golden Cross, this exploration drive became the
'260RL' level of the underground mine. Over the next few years, an enormous amount
of information came out of the mine, including a particularly relevant MSc thesis by
Begbie (1997) on the structure of the system. However, by the time Begbie did his
work, the 260RL was no longer accessible, and his work concentrates mostly on the
lower levels of the underground mine. Similarly, the work done for this thesis in the
open pit at Golden Cross was during the very early stages of mining and on the
topmost bench displaying significant veining. Wills (2001) produced a structural thesis
on the open pit based on information and mapping conducted throughout the open
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pit's whole mined history, though again mostly including the deeper, later mined
levels.
In other words, at Golden Cross the structure inferred from the 260RL is testable
against a wealth of information that emerged during the exploitation of the deposit,
and so provides insight into how much one can glean about the structure of a whole
system, by mapping of a very small part of it. This is a very important question, since
there may only be a limited part of a deposit accessible, especially during the
exploration phase or early in mining. How reliable are the models that are produced in
this way?

The information and analysis provided by this thesis supplements rather than
duplicates the work done by these other workers.

1.1.6 Literature reviews

a) Recent work on the structure of fracture systems by other authors (section 1.2).
A brief review of recently published papers aims to show how the scope of this thesis
falls into a gap in the questions being addressed internationally by other workers in the
field.

b) Coromandel Theses (section 1.5).
Fifty or so unpublished MSc and PhD theses, written since the 1960's by students of
the Geology Department of the University of Auckland, on various areas and aspects
of the Coromandel Peninsula geology, represent a large body of information. These
have been extensively reviewed in this thesis, and much structural information
extracted. Some of these theses- especially some of those written in more recent yearscontain much excellent structural information and analysis. The earliest part of this
review was presented in Gadsby and Sporli, 1989, and it should be noted that the first
author of this paper (and also Gadsby, Sporli and Clarke, 1990) is also the author of
this thesis. M.R. Gadsby is the maiden name of M.R. Irwin.
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c) Literature review on 'stockworks' (section 9.5).
During the course of the study it became apparent that there are many colloquial terms
associated with epithemal deposits, some of which have prejudices attached. From a
structural perspective one of the most problematic is the term 'stockwork'. The word
stockwork is often taken to imply a random network of veins, even though the
networks to which the term is applied are usually far from randomly oriented. This
literature review is presented within the section on the Golden Cross open pit 'Empire
Stockwork Zone' (which is "beautifully" structured!) and is used to illustrate these
prejudices and to expose them as unfounded.
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1.2 SUMMARY OF RECENT WORK ON FRACTURE SYSTEMS,
AND THE SCOPE OF THIS THESIS.

1.2.1 Summarv o f Recent Work.
In recent years, much work has been published on fracturing in the earth's crust which
is relevant to many geological settings, including the epithermal environment. Two
separate approaches to the analysis of fractures have been developed: one relates the
fractures to the stresses that caused them to form and one relates them to the strain that
they caused within the rock mass.

The strain approach to fracture analysis.
Watterson (1998) posed the question "The future of failure: stress or strain?" and
pointed out some of the advantages of analysis of strain in simple shear structures. He
makes the point that strains in rocks can be observed whereas ancient stresses can only
be inferred, or, as he quotes Burland (1965), "stress is a philosophical conceptdeformation is a physical reality". He advocates a unified, strain analysis approach to
brittle faulting and ductile shear zones, which have tended to be analysed by the stress
and strain methods respectively, and presents a preliminary method to do so. This
accounts for the fact that ductile shear zones are isovolumetric, whilst the formation of
fracture surfaces in brittle faults involves a volume increase.

Nieto-Samaniego (1998) also tackled the stress-strain question, and showed that
faulting treated as a stress-controlled phenomenon inevitably leads to the prediction of
two sets of faults in conjugate geometry, which represents a special case of plane (2D)
strain. In other words, thinking in terms of stress automatically leads to a twodimensional strain solution, because of some of the assumptions in the theory
surrounding stress analysis. The idea of 2D solutions in stress is partly a result of the
fact that stress and failure are instantaneous concepts. Failure (which is two
dimensional) changes the 3D stress system so a 3D strain may develop. This is a
problem in stress analysis, which assumes a uniform, non-changing stress field, which
cannot exist if fracturing is occurring.
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On the other hand, describing fractures in terms of strain allows description of threedimensional strain, which is geologically more realistic. Three-dimensional strain has
been recognised in association with some fault patterns for many years (e.g. Reches,
1978).

Niento-Samaniego recognised four different types of fault patterns: reactivation of
isolated faults, conjugate fault pairs, orthorhombic four-fault systems and complex
fault patterns. These lead to rotational two or three-dimensional strain, non-rotational
two-dimensional strain, non-rotational three-dimensional strain and rotational or nonrotational, two or three-dimensional strain respectively.
The same paper also points out that Anderson's (1951) scheme, which predicts that
one of the principal stresses must be vertical, and the other two horizontal, also does
not address cases where multiple fault sets are present.

Most of the papers published on strain-related fractures deal with faults and fractures
that remain closed, rather than entering the dilational field.

The stress approach to fracture analysis.
The papers presenting the stress-related approach to fracture analysis do, indeed,
mainly present two-dimensional solutions, although some allude to the fact that this is
actually very much a simplification of what is observed in nature (e.g. Sibson and
Scott, 1998; Sibson, 2001). The whole stress approach, though, has many advantages.

Most of the stress-related publications deal with analysis of Mohr circles for different
types of fractures: pure extension fractures, extensional shear fractures, newly formed
faults in intact rock and reactivation of faults in the compressive field (Sibson, 1998,
2000, 2001; Cox et al, 2001). Such analysis indicates the dramatic effect of fluids
upon brittle systems and consequently provides a great deal of insight into the potency
and interrelationships of stress and fluid-flux cycling during faulting, fracturing and
ore deposition. These are very dynamic processes, and the forwards-looking stress
related approach emphasises this fact.
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The papers on stress analysis of fractures deal with those fractures that remain closed

and those that enter the dilational field and open out as veins- 'gaping extensional and
extension-shear fractures' (Sibson, 2001).

There are many factors that are not immediately obvious that emerge from the
analysis of stress. For example, extensional veins and fault-fracture meshes may form
only under low differential stresses and effective stresses and only in the absence of
pre-existing fractures that are well oriented for reactivation in the compressive field
(Sibson, 2001). In a compressional (thrust-related) system in order to form pure
extension fractures, fluid pressures must reach superlithostatic values, whereas in an
extensional (normal) system they may, in some cases, form under hydrostatic fluid
pressures. Compressional systems may, in ideal conditions, support a much higher
fluid overpressuring than extensional systems and consequently a switch in tectonic
regime from compressional to extensional may result in 'self generation' of faultfracture meshes (Sibson and Scott, 1998). Meshes also 'self-generate' in other
circumstances, due to the infiltration of overpressured fluids into stressed
heterogeneous rock (Sibson, 1996).

Comparison with active systems.
Another advantage of the analysis of fracture patterns in terms of stress is that it
encourages comparison of ancient with active systems, leading to an improved
understanding of both. The concept of balancing permeability creation by faulting and
fracturing along with permeability destruction processes such as precipitation or
alteration point to the need for formation of ore deposits within an active structure.
Some authors relate this to observations of main shock-aftershock sequences during
major earthquakes on large faults (commonly followed by expulsion of water and
brines along known fault traces) and earthquake swarms that are common in active
geothermal fields, including those induced by artificial fluid injection (Sibson, 1996,
2001). These are repetitive processes enabling the constant recreation of permeability
destroyed by precipitation between seismic events (Cox et al., 2001).
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Fractures and permeability.
The relationship between fracturing, permeability and ore genesis is examined by Cox
et al. (2001). Permeability is not simply related to the number of fractures present in
the rock mass, but also their interconnectedness. This study shows that the optimal
conditions for creation of giant, high concentration orebodies occurs around the
'percolation threshold', where the minimum number of 'backbone' fractures
interconnect allowing fluid flow. All other fractures present are 'isolated' or
'dangling' (i.e. dead ends) and do not contribute to fluid pathways through the rock.
This means that fluid flow is concentrated through a very small number of fractures,
and so localises the precipitation of ore minerals. Where more 'backbone' type
interconnected fractures are present, the fluid flux is much greater, but less
concentrated, and so leads to lower grade, more dispersed ore formation.

Some systems may 'self organise' to maintain the permeability near the 'percolation
threshold', because precipitation constantly drives the permeability back below the
threshold, or because fluid driven growth of fractures occurs preferentially in the
fractures that are part of the interconnected network. This is like the 'self generation'
of Sibson (1996).

In most cases, however, the conditions for keeping the permeability at the percolation
threshold are limited as deformation continues, and the optimal situation for giant
orebody genesis is therefore likely to be short lived. This is suggested as a reason why
many orebodies are hosted in low-displacement structures (Cox et al., 2001). Sibson
(2001) suggests that the high degree of complexity and irregularity of smalldisplacement structures also renders them much better sites for mineralization than
their higher displacement, much smoothed-out equivalents.

Scale-dependent fault patterns.
Peacock (1996) presents three separate studies on fault patterns that vary according to
the scale considered. The first example is of normal faults in a limestone in Somerset
that are planar at outcrop scale but at a smaller scale contain zones of complex
brecciation. The second is at Flarnborough Head, Yorkshire, with large-scale faults in
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chalk having dominantly easterly strikes, whereas their small-scale equivalents have a
wide range of orientations that were simultaneously active. The third example involves
complex small-scale patterns of faulting developed within transfer zones of simpler,
larger scale overstepping faults. The author points to problems with assumptions of
self-similar fault patterns over a wide range of scales, and highlights the need for study
at a wide range of scales rather than using the deformation at one scale to infer
deformation at other scales.

1.2.2 The scove o f this thesis.

Strain approach to pacture analysis.
The philosophy behind this thesis has developed parallel to the approaches taken by
other workers. Usually strain is the more appropriate method of study, especially
where it is unclear how many events have combined to give a particular finite strain.
One cannot assume instantaneous stress is constant in magnitude andlor orientation
throughout. A plane which starts out as a fault then later opens out as a vein
automatically undergoes a drastic change in stress field. 'Hydraulic jacking' may or
may not have a part to play in opening pre-existing planes and results in different
stress conditions for each scenario. Faults may also open as they form and move (shear
veins), but diagnostic features may be absent. All these uncertainties mean it is safer to
deal with finite strains rather than stress, which is only really valid in an instant.

The question of whether the planes opened as they formed or formed first and opened
out in a totally separate event (or even later on in the same event) is an important one.
It is usually very difficult to answer, but should not be overlooked.

In this thesis treatment of vein networks as strain-related phenomena initially
identifies the locations where strain is three-dimensional. The two types of threedimensional strain vein networks presented here are very similar to those presented for
faults in Nieto-Samaniego (1999)- the orthorhombic model being essentially identical,
and the Harding model being an example of a complex fault pattern. The models in
this thesis, though, differ in that they include a tension-gash (pure extension fracture)
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orientation and that some of the fault planes are taken to have entered the dilational
field and opened out as veins. Where possible the principal axes of strain are
identified.

Calculation of displacements across veins.
Also related to strain, this thesis includes some calculation of displacement vectors
showing relative movement between the blocks of rock on either side of a vein. The
vectors are analogous to striations (i.e. slip vectors) on a fault plane, and represent
only a tiny part of the overall strain in an area. In order to calculate strain by these
methods, many displacement vectors would have to be calculated, and then put
together to work out an overall strain ellipse (or ellipsoid). The analysis in this thesis is
preliminary and further development of the methods will require additional work.

Stress approach to fracture analysis.
At Golden Cross some of the fracture networks are more akin to plane (twodimensional) strain features. In addition, complex internal structures are present in
veins, giving information about vein opening and filling processes. Here it is more
convenient to discuss the veins as stress-related phenomena, since such an approach
makes for simpler, clearer interpretation of the dynamic processes of fluid flow,
seismic activity and precipitation.

Scale-dependent patterns.
The question of similarities or differences in patterns of faulting outlined in Peacock

(1996) is also addressed in this thesis in relation to the patterns of veins seen at
different scales.
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1.3 DEFINITIONS AND MODELS.

I.3.1 A few definitions.
Before describing the models it is necessary to define some of the terms and how they
are used in this thesis.

'Intersection line' is used to describe the line along which two planes (usually veins
or faults) intersect. Unless otherwise stated, the planes were observed in the field to
intersect, even where the intersection line was not directly measured, but constructed
using the two poles (Fig. 3(i)-(iii)). It is used only where the two planes do not show a
crosscutting relationship (e.g. Hobbs et al, 1976), and may therefore be inferred to
have formed simultaneously.

'Deflection Line' is similar to 'intersection line', but is used to describe the line along
which the adjacent segments of a single vein intersect, where the vein changes
orientation (Fig. 3(iv), (v)). In the analysis of veins they are treated like any other
observed intersection line (e.g. Gadsby and Sporli, 1989).

'Statistical Intersection Line' is used to describe the pole to a great circle spread of
vein poles (Fig. 4). It is the orientation in which the veins are most likely to intersect,
all things being equal. In reality this may not be so significant if all vein sets are not
equally well developed in terms numbers and length of veins (and therefore likelihood
to intersect with other sets). If there is partitioning, so that some vein sets never form
alongside others, then the statistical intersection for a whole area may not reflect the
observed intersection lines at all. Caution must therefore be used when interpreting
statistical intersections.

'Modal Plane' is used to describe the plane that is equivalent to a major cluster of vein
poles. It is a very commonly observed plane orientation. Since such a vein set is likely
to intersect with many other planes present in an area, intersection lines commonly
spread around the great circle that defines the plane (Fig. 5). Such a great circle spread
is sometimes also referred to as the modal plane, although usually a plot of the poles is
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used alongside a plot of intersection lines to check the validity of this assumption. One
advantage of finding modal planes from great circle spreads of intersection lines is that
there may be some veins that are significant in their continuity and in that they
intersect many veins, rather than significant because they belong to a large set of
veins. Such veins will tend to cause a spread on the intersection lines plot, because
they create intersection lines with veins of a variety of orientations, but they would not
show up as a cluster on the plot of vein poles. This enables, to some extent, the
inclusion of information about veins that are significant for reasons other than their
parallel orientation with other veins.

'Tension gash vein' is a pure extension vein that forms perpendicular to the 0 3 axis
(Ramsay and Huber, 1983, 1987; Cox et al, 2001; Robert et al., 2001).

'Two-dimensional strain' occurs where the deformation of a body leads to a change
of its length in two dimensions, but the third dimension (intermediate axis orientation)
remains the same length throughout. It is also known as plane strain (Ramsay and
Huber, 1983).

'Three-dimensional strain' occurs when deformation leads to a length change in all
three dimensions. In some instances it is referred to as triaxial strain (Ramsay and
Huber, 1983).

'Bulk Strain' occurs when faults (or veins) of differing orientation move or open
simultaneously under the same stress field. Also known as homogeneous strain
(Krantz, 1988).

'Partitioning' is used where different parts of the body have undergone different
strain. Partitioning may involve localised switching of stress axes during vein
formation, and there may be, for example, strike-slip regime operating in one small
area, and a reverse or normal regime in another, even where the overall regional
regime is strike-slip. There may be some kind of detachment between areas of
differing strain. This is one way in which three-dimensional strain may be achieved
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(Harding, 1978; Winooski and Jones, 1994). It may also be referred to as
compartmentalisation.

'Movement Plane' is the plane that contains the slip vector (e.g. striation orientation)
and the pole to the fault plane. It is commonly known as the 'm-plane' (e.g. Angelier,
1978, 1984; Sporli and Anderson, 1980). In the case of two-dimensional strain the
'm-plane' is the 0 1 - 0 3 (or

plane. It contains the poles to both conjugate fault sets

(i.e. conjugate faults have a common 'm-plane'). In the case of orthorhombic threedimensional strain it is the plane that contains the pole to the fault plane, the slip
vector and the

axis (i.e. each fault has its own movement plane, and all the 'm-

planes' intersect in the

axis direction) (Krantz, 1988).

'Movement axis' is the pole to the movement plane (Angelier, 1978, 1984; Sporli and
Anderson, 1980). It is also known as the 'm-axis'. In two dimensions it parallels the
intersection line of conjugate faults and also the intermediate stresslstrain axis. In
orthorhombic three-dimensional strain the intersection line of the faults is unrelated to
the movement axis and the intermediate strain axis. Each fault has its own m-axis.

1.3.2 The Models.
Most of the international literature treats epithemal deposits as though they have
undergone two-dimensional strain (e.g. Sibson, 1995). This may be the case for some
deposits, but large examples, with veins opening out and intersecting in several
orientations, have clearly undergone strain in all three dimensions. To treat them as
though the strain is two-dimensional is an oversimplification.

In these deposits, there is naturally a large variability in vein orientations. One cause
of this is that stress orientations automatically change when fractures f o d o p e n .
(Sibson, 2001). The constantly changing stresses result in a great deal of 'noise' in the
vein orientation data. Further variability may be introduced by local variation in the
mechanical properties of the host rock. This may change in both space and time, due
to host rock inhomogeneity and increasing intensity of alteration, respectively. The
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models are, then, only loosely applied to the data. In other words, this approach is
intended to be no more than an experiment in whether or not any pattern can be
discerned within the 'noise' that moves the system towards three-dimensional strain.

The methods used here involve generation of several models and overlaying the
models on plots of poles and of observed intersection lines of veins to see which, if
any, best satisfies both data sets. The first model (Fig. 4) involves plane strain, which
shows up as a great circle spread of poles and an equivalent cluster of observed
intersection lines. The second (Fig. 6) involves a small circle spread of poles and
intersection lines, which may or may not be produced by folding. The third and fourth
models involve three-dimensional strain.

The international literature on three-dimensional strain largely refers to systems of
faults that remain in the compressive field- i.e. they do not open as veins (e.g. Reches,
1978; Reches and Dieterich, 1983; Krantz, 1988). Where veining is described as part
of three-dimensional deformation, it tends to refer to sets of en echelon (tension gash)
veins associated with main fault planes that remain closed (e.g. Kirschner and
Teyssier, 1994). The models for three-dimensional strain used here are modified to
allow opening of some or all of the fault planes themselves as well as including the
overall tension gash orientation.

Model 3 is an orthorhombic three-dimensional strain model modified from Krantz
(1988) (Fig. 7). This involves bulk strain with all faultslveins moving simultaneously
in the same stress field. 'Slip' on faults1 veins is not perpendicular to the intersection
line of two sets, as it is for conjugate sets of faults in plane strain.

The fourth model (Fig. 8) is chosen as an example of a partitioning model, and is
modified from Harding (1974) to include opening of fault planes and tension gashes.
These models are applied to data sets collected in the field and elsewhere, and the one
which best satisfies the plots for both poles and intersection lines is taken to be the
closest to what has operated in a given area. In the real world it may not be so simple
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as this, and more than one mechanism (or a hybrid) may operate in a single areaperhaps especially where there is partitioning. The chapter on Kapanga presents an
example of how the all the methods were applied, whilst chapters on other deposits
present the best-fit model only.

I: A single great circle spread for poles and deflections/ intersections. (Figs 4 & 5)
If two-dimensional strain were dominating, all the planes should have a common
intersection line. (Fig. 4) This 'statistical intersection line' would be the pole to the
plane in which the vein poles are seen to spread. The model is analogous to a n-plot
for a fold, with the great circle spread representing the profile plane, and the pole to
this plane, the statistical intersection line, analogous to the fold axis. If there does
appear to be a single great circle spread on the poles plot, there should be an
equivalent cluster on the plot of observed intersections, in the same orientation as the
statistical intersection line. This may be used to check the validity of the model (see
Fig. 4). A best-fit great circle is applied and its pole compared to the plot of
intersections. This is conceptually a very simple scenario and should be considered.

The intersections show a planar spread if there is a particular orientation of plane that
is dominant (Fig. 5). The dominant orientation results in a cluster on the poles plot.
The intersections of any other planes with this modal plane will spread around and
define the great circle representing the modal plane. A best-fit great circle is
generated, this time for the intersections plot, and the pole to this spread compared to
the plot of poles to observed veins. This is again a very simple scenario, and may work
separately from, or alongside, other models.

2: A cone /small circle spread for poles and deflections/ intersections. (Fig. 6).
A conical (small circle) spread indicates a more complicated system than the planar
(great circle) spread. This may involve folding of pre-existing planes, opening out of
curved planes such as listric faults or formation of three-dimensional systems of
planes, which may or may not be related to the Krantz or Harding models.
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In this model, as shown by Fig. 6, an observed conical pattern of poles would be
accompanied by an equivalent conical pattern of intersections, and vice versa. The
cone on the poles plot and that on the intersections plot would have a common axis,
and complementary opening angles.
Fitting a conefsmall circle spread to either the plot of poles or intersection lines is most
simple where the cone axis is horizontal and the spread therefore follows the small
circles marked on the stereonet. Where the axis is plunging small circle spreads may
be difficult to pick. This may be particularly difficult to recognise, for example, where
the conical pattern results from folding of a rock in which there are several vein sets.
The resulting pattern is very diffuse.

If there is an apparently conical spread showing up on the plot of poles, its validity
may be checked by overlaying the complementary cone onto the plot of intersection
lines, and vice versa.

3: Krantz model- an orthorhombic bulk three-dimensional strain model (Fig. 7).
This model is based on the orthorhombic strain model proposed by Krantz (1988),
(Fig. 7) with one significant difference. The orthorhombic model in Krantz was
applied to an area that was basically under compression, and the planes remained
closed. In the model applied here, dilation is assumed to be operating, and many of the
planes open out as veins. This is a bulk strain model, where all planes operate under
similar conditions of stress.

In this model it is assumed that throughout the deformation history veins form most
easily as tension gashes perpendicular to

E,.

Planes with a variety of orientations may

dilate resulting in a more diffuse pattern of vein orientations. However, since the
'tension gash' veins would tend to open and continue to dilate throughout all phases of
deformation (i.e. overall the tension gash vein would be the most favourably oriented
plane for opening) it is probable that the most and the largest veins would form in this
orientation. One would expect that there would be a maximum of poles to veins
around the E, axis.
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The complete orthorhombic model was then generated using estimated but reasonable
values for angles between orthorhombic pairs of planes etc, and rotating the whole
system to put

E,

on the largest poles cluster (Fig. 7 (ii)-(vi)). The models were then

overlain on plots of combined data for poles and intersections to see whether various
expected properties show up (i.e. how well the model fits the data). Any conclusions
drawn at this stage are very "first-hit".

The model generates five modal planes, including the tension gash (Fig. 7(ii)).
Overlaying these planes onto the plot of intersections should show that intersections
spread around these most-common planes, concentrating at the orientation where the
most-common planes intersect one another. Quartz-filled veins should concentrate
particularly where the tension gash intersects the other modal planes.
The poles to the five modal planes can be compared to the plot of poles observed on
the map and in the field. The model predicts a broad concentration of poles plunging
around the tension gash orientation and two more-or-less great circle spreads (Fig.
7(vi)). If orthorhombic three-dimensional strain were operating, then overlays of the
model should satisfy plots of both poles and intersection lines.

In an orthorhombic system, the angle of internal friction and the ratio of the three
principal strain axes may be calculated.

Note that any orthorhombic system has a basic, underlying conical form to it.

Odd axis model in orthorhombic systems (Fig. 7(vii),(viii)).
Using the 'odd axis model' of Krantz (1988) the orthorhombic model may be modified
and improved. Krantz states that if there is extension in one direction and contraction
in two, then

E,

is called the 'odd axis', but if there is extension in two directions and

contraction in one, then

E,

is the 'odd axis.' In either case

E,

is known as the

'intermediate strain axis', and the third principal axis is known as the 'similar axis'.
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Movement on fault planes in orthorhombic systems does not occur in the E,E, principal
strain plane but rather in the plane containing the 'odd axis' and the pole to the fault
plane (the movement plane or 'm-plane'). If all the 'm-planes' are plotted, they should
therefore intersect at the 'odd-axis'. This is the 'odd- axis construction' shown in
Krantz (1988) Fig. 5 (Fig. 7(viii), (viii) here). Where striations are present, and 'mplanes' may be generated, this principle may be used to identify the odd axis and
improve the model as a whole.

4:

'Harding' model for partitioned three-dimensional strain (Fig. 8).

There is an alternative model for three-dimensional strain, which must be consideredthe 'Harding model'. Harding (1974) sets up a model for dominant strike-slip systems
in which local switching of stresslstrain axes results in the formation of small scale
reverse and normal faults (and tension gashes) as well as conjugate strike-slip faults
which are at an angle to the overall strike-slip orientation. All these features are
formed in very predictable orientations (Fig. 8(i)-(iv)). This model works best where
there is a pre-existing fabric of favourably oriented planes of weakness and involves
partitioning between domains of differing fault types. The original model was set up to
describe mechanisms seen in oil fields and is not applied to epithermal systems where
the planes enter the tensile field.

The model applied here differs from the basic Harding model in two ways. As in the
orthorhombiclodd-axis model one must recognise that some of the planes may have
formed in or later entered the tensional field and dilated to become veins. This
modification is included here as a basic assumption in describing patterns of veins and
joints. Secondly, the overall regime is not assumed to be basically strike-slip. The
principal strain axes, both local and global, do not have to be vertical/horizontal they
are rotated, along with the faulthein planes, to find the best fit, as in the orthorhombic
example (Fig. 8 (v)-(vi)). (Whether or not the present orientation is the original
orientation of formation is another question that needs to be addressed, especially in
view of widespread evidence for tilting throughout the Coromandel Peninsula.).
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Once again, this model was generated by using geologically reasonable angles
between predicted faults and sets of faults, and rotating the whole system to the
orientation which best fits the data. If this mechanism operated, the observed
intersection lines should spread around the great circles representing at least some of
the predicted planes, and tend to cluster at the predicted intersection lines. Poles
should cluster and spread as shown.

Having said that, one would expect that, because of the partitioning, the most
commonly observed intersection lines would be a thrust-thrust or normal-normal or
strike-slip-strike-slip, or a tension gash with any of the other orientations. Normal
planes would form in a different part of the system from thrust planes, so they
wouldn't be observed intersecting. In other words, if all planes develop, the most
obvious pattern on the intersection lines plot would be three mutually perpendicular
clusters of observed intersection lines, and a great circle spread of intersection lines
defining the tension gash orientation. Overall plots of poles would be expected to
conform to the patterns clusters in Fig. 8.

Comparing the Harding and Krantz models for three-dimensional strain.

Intersections in E,

E,,

or E, .

No intersections in E,

E,

or E,

Intersections cluster around E,

Intersections cluster around E,.
M-plane contains two of E,

E,

and E,.

Strain is two-dimensional for each
fault- i.e. slip is perpendicular to the
intersection line of the faults.
Partitioning allows slip to differ from
fault to fault.
Detachment occurs between zones of
different slip.

M-plane contains only

This is a total slip, bulk strain model-i.e. the
whole body hangs together. Slips on all
faults accommodate one another. The slip on
all faults is not the same as for twodimensional strain- i.e. slip is not
perpendicular to the intersection line of the
faults.

Table 1: To compare the hard in^ and Krantz models for three-dimensional strain.

On comparing the diagrams of the basic Krantz and Harding models (Figs 7 & 8) it
becomes apparent that there are some fundamental differences between the two

Chapter I

Introduction

models, which mean that the two models may not simultaneously cause movement on
the same fault plane. Table 1 is presented in terms of compressive planes (i.e. faults
rather than veins), but it applies equally well to planes that enter the dilational field.
In order for the Krantz and Harding models to operate simultaneously in any area, it is
therefore necessary to have complete partitioning and detachment between zones
where Krantz operates and zones where Harding operates. This may be a reasonable
proposal, considering the fact that detachment and partitioning would also be an
integral part of the deformation where the Harding model is operational.

If, however, the stress regime were the same throughout the area, the Krantz zones
would produce faults of very different orientation from those in the Harding zones.
Conversely, if the faults were similarly oriented in all zones, those in the in the
Harding zones would have resulted from very different stress orientation from those in
the Krantz zones. Superimposition of the two systems would therefore results in a very
complicated composite picture.

Local variations in pre-existing weaknesses (whatever their cause) may have a part to
play in which system operates where.

Statistics.
It is important to remember that there is a natural variability within any joint (vein,
fault) set that is quite apart from errors in readings (this is to be expected due to the
local variation in mechanical properties of inhomogeneous country rock and
constantly changing stress field around opening fractures (Sibson 2001)). This
variation may be to such an extent that it may not be possible in many instances to
separate joints into 'sets', even where additional field data, such as spacing or nature
of the joints are available. (Hancock, 1985). Consequently it is not really possible to
distinguish with any confidence between the Harding and Krantz models. Assignment
of the various models must be considered tentative. However, what is clear (and
actually most important) is where strain is two-dimensional and where it is threedimensional, even where one is unable to actually quantify the strain.
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In some areas there are not many veins present. Consequently the models are based on
small data sets. In this case it may be even more difficult to confidently identify
clustering or spreading of data points. Where there is enough data the plots are
contoured to aid identification (Phillips, 1960; Badgley, 1959). Where there are not,
data are compared to those from elsewhere. The forward modelling approach taken
here may also have some difficulties, as any number of models could fit, and there
may be a certain amount of prejudice come into play. However, with a limited data set
there is not really a viable alternative approach. Consequently the models in some
instances may be regarded as a first approximation only, the best possible job with
limited data. One can really be no more definite than to say, for example, "the system
at Kapanga has elements of three-dimensional strain, which is possibly orthorhombic
in nature."

It is, however, significant that applying these models independently to all the data sets
analysed points to a common intermediate axis, even though different models appear
to operate in different areas. This may indicate that the models proposed are a pretty
good first approximation to what is truly present, even though they may not be
statistically well founded.

1.3.3 Summarv.
Four different models, three of which involve three-dimensional strain, are presented
by which strain may be described in systems of veins. These are tested against plots of
poles and intersection lines to find which most closely approximates the patterns
observed in a given area. These are first approximations only, as combinations of
models may have operated. And because there is naturally a large variability (i.e. a
great deal of 'noise') in vein orientations within epithermal systems. Where data are
limited the analysis should be considered as merely a thought experiment to detect
possible patterns. Kapanga is used as an example of how the models are applied. The
best-fit model only is presented for the other deposits.
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1.4 GEOLOGICAL HISTORY OF THE COROMANDEL PENINSULA AND
ITS RELATIONSHIP TO NORTH ISLAND TECTONICS.
1.4.1 Geolonical Historv o f the reaion
The Coromandel Peninsula, along with the rest of the northern part of New Zealand,
has a complex and varied history. In order to understand the structure of the rocks of
the Coromandel, it is important to provide a brief summary of the history to set the
epithermal deposits in their context. In order to keep this section as brief as possible,
the history is presented in table form. For ease of reading the table works from the
earliest through to the latest, rather than being presented as a stratigraphic column. Fig.
2 shows a geological map, including regional scale structures, of the Coromandel
Peninsula, Fig. 9a and 9b show the location of large scale features mentioned in the
text, and fig. 10, location of theses and place names mentioned overlain on a
geological map of the Coromandel Peninsula. Events that occurred in the Coromandel
Peninsula are given in italics.
Table 2: Tectonic history of the northern z art of New Zealand's North Island.
-

Period1 Epoch

TECTONIC HISTORY

References.

255Ma
LATE PALAEOZOIC- Accretion onto Gondwanaland margin. Basement formed
CRETACEOUS.
135Ma

EARLY
CRETACEOUS

Uplift and exhumation -"Rangitata Orogeny"

MID-LATE
CRETACEOUS

Deposition of sediments in many parts of New Zealand from
mid Cretaceous onwards.

Sporli, 1987.

Sporli, 1989

PALEOCENE

Rifting and separation from Gondwanaland.
Subrectangular faulting in basement. (80-50Ma) Quiet time.
Thermal relaxation and subsidence. Mudstones, coals
and hydrocarbons formed.

53Ma

EOCENE
36.5Ma

Amodeo Bay sediments and limestones at Colvilleformed in the Kear,1955;
late Eocene r'fzg.2, 10).
Skinner, 1976
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LATE

OLIGOCENE

MIOCENE

Rifting on Challenger Rift. Unclear how this continued onshore
under Northland I Coromandel due to covering by products of
later tectonic events. Possible extension on Coromandel.

Spiirli, 1989;
Kamp, 1986a, b.

Opening of the South Fiji Basin, north of New Zealand, 3320Ma.
Opening of Norfolk Basin, north of New Zealand separated the
Norfolk Ridge and the Three Kings Rise, 26Ma-18Ma
Offset of Norfolk Ridge1 Three Kings RiseNorthland,
accommodated on the Cook Fracture Zone and the Vening
Meinesz Fracture Zone (fig. 9a, 9b).

Sporli, 1989,
Herzer, 1995.
Mortimer et al.. 1998.
Herzer and Mascle,
1996.

Obduction of the passive margin wedge onto Northland,
implacement of Northland allochthon on at least six thrust slices Spijrli, 1982.
Possible compression in Coromandel.
(fig. 9b)
Smith et al., 1993.
Inception of Alpine Fault on Pacificnndo Australian plate
Kamp, 1984.
boundary (fig. 9a).

Remobilisation of Northland Allochthon, so-called 'Onerahi
Chaos' (fig 9b).

Hayward, 1987.

Subduction East of Coromandel. Andesitic arcs in Waitakeres
and Northland - Coromandel, calc-alkaline volcanism fig. 9a,
9b).

Skinner, 1986.

Smith et al., 1989
Western arc (Waitakeres) mainly submarine-steep slopes, Herzer, 1995.
volcanic lag deposits, shallow marine sediments; no plutons or
epithermals. (fig. 9b)
Skinner, 1986.
Black, 1967
Coromandel arc mainly sub-aerial (Coromandel Group), with
high standing basement blocks; some plutons are present (e.g. Ballance, 1974;
Ballance, 1976a;
at Paritu and Cuvier) ('g.2).
Hayward, 1993.
The two arcs were separated by the 70km wide, 150-170krn
long Waitemata Basin, which contained sediments derived from Walcott, 1984;
the west, with 70km or more transport (fig. 9a, 9b).
Sporli, 1989;
Sporli and Ballance,
Plate vectors perpendicular to NNW trends of Coromandel 1989.
Peninsula
Kamp, 1984.
Dextral movement on Alpine Fault (fig. 9a).
'Porphyry copper' formed on Great Barrier Island during the
earlv Miocene.

16.2Ma

MID MIOCENE

Waitakere (Western) Arc ceased activity after lOMa duration. Smith et al., 1989
(25-15Ma). Activity continued in the eastern arc on Skinner, 1986
Smith et al., 1989.
Coromandel Peninsula
but ceased in Northland at 15Ma .The two plates fused as far
north as the Three Kings Rise (fig. 9a).
Western Coromandel has basalt-dacite calc-alkaline to low K
tholeiite, mid Miocene and younger. Eastern Coromandel has Huang et al., 2000
basaltic andesite-dacite, minor rhyolite, calc-alkaline to high K
salt-nlknlinc. [ate Miocene and vouneer). Pornhvrv conner
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calc-alkaline, late Miocene and younger). Porphyry copper
formed in Ohio Creek, north of Thames fig. 10).
Kiwitahi Volcanics formed (to west of Coromandel and
Hauraki Rift) 16Ma (Stoney Batter, Waiheke) -5.5Ma
(Maungatapu): calc alkaline andesitic volcanics, probably same
feature as Coromandel prior to opening of Hauraki rift between
them (fig. 9b).
Lau Ridge (NE extension of Colville Ridge) began active
volcanism at around 14my (fig. 9a).

PLEISTOCENE

Herzer, 1995.

Coromandel calc-alkaline volcanism continued until around
8Ma. Volcanism tends to be younger in the east and south.
After cessation of the western arc the Waitemata Basin was
uplifted. Not much compression was involved just some
extension (fig. 9b).
Crustal arching from upward motion of hot mantle in region
now occupied by Hawaki Rift commenced 10-7Ma, possibly
related to shearing associated with plate collision/ subduction
on the Colville-Kermadec zone. (Colville and Kermadec arcs
were one and the same feature at this time.) (fig. 9a).

Adams et al., 1994;
Skinner, 1986.

Colville ridge volcaniclastic sediments yield Miocene-Pliocene
ages
Eastwards tilting may have begun as early as 7.5Ma
Main mineralizationphase. Main host Tertiary volcanics.
Back arc rift /extensional tectonics, similar to TVZ, but not so
clearly demonstrated.
Whitianga group formed. (mainly high-K calc-alkaline), 105.3my coeval with Mercury Bay Basalts 5-6my. Bimodal nature
taken to infer extension.(jig. 10)
Caldera formation in east of Coromandel Peninsula.

Wright et al., 1996.

Basalts on Colville Ridge 5.5 my (fig. 9a).

PLIOCENE

Adams et al., 1993.
Black et al., 1992
Lindsay et al, 1999

Hochstein
and
Ballance, 1993.
Hochstein and Nixon,
1979.
Hochstein et al, 1986.

Wills, 2001.
Clarke et al., 1990.

Huang et al., 2000;
Adams et al., 1994.
Malengrau et al, 1996
Malengrau et al, 2000
Adams et al, 1994.

Havre Trough began opening 5ma (fig. 9a)
Omahia andesitesformed, 2.54ma (jig. IO).
Eastwards tilting continued to 2ma.

Wright et al. 1996.
Skinner, 1986

Volcanics migrated to Taupo Volcanic zone (rhyolites different
from Whitianga Group rhyolites) (fig. 9b)

Cole, 1986.

Hauraki Rift formed (high standing throughout MiocPlioc,
began subsiding early Quaternary, became rift valley late
Hochstein
Quaternary.) Rifting and anomalously high heat flow continues and Ballance, 1993.
today (fig. 9a)
Kermadec RidgeMavre Trough active (fig. 9a).
Ballance et al. 1999;
NNW and ENE structural trends on Coromandel Peninsula, Wright, 1997.
related to blockjiaulting.
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1.4.2 Discussion.
During the last few decades there has been considerable controversy over certain aspects
of this history. Some of these questions remain unanswered whilst others are still
controversial, with several possible answers having been suggested.

For example, what type of subduction regime would cause two parallel arcs (Waitakere
Arc and Northland-Coromandel Arc), 60km apart for lOmA? (fig. 9b)

Also, if there are epithermal deposits in the Coromandel deposits, how come there are
none in the contemporaneous Waitakere arc? Is this a matter of timing- i.e. because the
deposits are associated with the Whitianga Group phase of volcanism, which is not
present in the Waitakere Arc? Or is it a structural matter- the tectonics were different
for the two areas? Or is it related to the different crustal thicknesses- the Waitakeres
being on very thin, almost oceanic crust, whereas the crust of the Coromandel was
continental and thicker. Perhaps the chemistry of the recharging fluids made a
difference- the submarine Waitakere volcanoes being recharged by seawater, whereas
the subaerial Coromandel volcanoes would have been recharged mainly by meteoric
water.

Thirdly, what caused the change in arc orientation from NW- SE to the NE-NNE
trends seen today in the Hikurangi trench (fig. 9a)? Several authors have different
opinions on this question. Brothers (1984 and 1986) and Kamp (1984) suggested that
the arc always was NE-trending, but the subduction zone steepened, rolling back
towards the south, causing volcanism to become progressively younger southwards. In
their scenario the 'twin arcs' actually represent two trails of volcanoes as the rollback
occurred. Ballance (1988) preferred the theory that the arc did, indeed, rotate through
20-30" and retreated to its present day position. Herzer (1995) has a different model
again, with subduction occurring along a NW-trending, SW dipping subduction zone,
located to the NE of Northland during the Late Oligocene-Early Miocene, resulting in
the Northland and Waitakere arc volcanoes, which stopped in the mid Miocene (figs.
2,9a, 9b). Slightly overlapping this in time he postulated subduction occurring in the
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south along a NE trending, N dipping zone during the Middle-Late Miocene that
resulted in volcanism along the Colville Ridge, most of the Coromandel Peninsula, the
Kiwitahi volcanics, the Waikato region and the Taranaki Volcanic Belt (fig. 9a, 9b).

These three models (and there have been others- e.g. Kear, 1993) have rather different
implications for the regional scale structure of the Coromandel Peninsula. The
structure of the Coromandel Peninsula, which has not been well addressed in the past,
may be key to discerning which (if any) of the models is correct. Does this area have
structural affinities with Northland and/or the Colville Ridge orientations? How would
the stress regime have changed in the Coromandel for each of the models, and how
would this be reflected in the orientation of structures in the region? Do we see any
progressive changes in orientation patterns with age or from north to south or east to
west in structures, in addition to the southwards and eastwards younging of the
volcanics, or perhaps an overlap in time of structures of different orientations if
Herzer's model were true? Could the superimposition of two arcs as in Herzer's model
result in the Miocene volcanics being thicker in the southeast, or is this more likely
connected with eastwards tilting? What causes eastwards tilting? Could this be related
to coupling of the two slabs and/or subduction rollback? Does rollback cause the
opening of the Hauraki Rift? Is blockfaulting connected with eastwards tilting? Do we
see a steepening of the major blockfaults towards the east? How important is
blockfaulting in the gap between the north of the Coromandel Peninsula and the south of
Great Barrier Island, bearing in mind the height of Moehau, which is immediately
adjacent? (1000m of uplift).

All these questions are largely unaddressed for the Coromandel Peninsula. There has
been considerable work done on the volcanic stratigraphy, but structures are often hard
to date because of the lack of marker horizons. In future some light may be thrown on
the timing of certain events by the dating of veining associated with epithermal
deposits- although such dates may only be a minimum age where veining merely
opens up a pattern of fractures that were inherited from an earlier date.
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Some information on structures that are relevant to these regional scale questions may
be gleaned from the many studies already conducted on the Peninsula. For example,
Parkinson (1980) indicated that at Kuaotunu, in the northeast of Coromandel,
structures do, indeed, show an influence of both the Northland and Colville Ridge
orientations. A review of the structural information available in past studies is
presented in the next section (13.
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1.5 LITERATURE REVIEW: STRUCTURAL FEATURES OF EPITHEXMAL
DEPOSITS ON COROMANDEL PENINSULA.
Much objective information on the structural controls of epithermal veins, alteration
and mineralization in the deposits of the Coromandel Peninsula is present in
publications and many unpublished theses from the Geology Department of Auckland
University. The location of all the theses and place names from the peninsula
mentioned in this section are shown in Fig. 10. Locations of individual deposits named
are shown in Fig. 1. These were compiled by Gadsby and Sporli in 1989. Since then at
least 16 more theses have been completed, studying various aspects of the epithermal
deposits and basement rocks of the Coromandel Peninsula.

1.5.1 Regional Scale controls.

Basement Stncctures
Large-scale subrectangular fault blocks, formed in the basement during the opening of
the Tasman Sea, 80-50m.y. ago (Sporli, 1987), still dominate the structure of the
region. Reactivation of such faults later in the Tertiary must be an important influence
on subsequent structures.

Basement structures on a smaller scale have been studied by Cottrill (1990),
McFarlane (1992) and Bannister (2001). All record early broken formationsometimes initially shortening then extensional-followed by up to four phases of
folding and four phases of faulting. McFarlane records reverse faulting prior to normal
faults. All three authors see clastic or breccia dykes in the basement, although Cottrill
and Bannister also record clastic dykes in the overlying Tertiary sediments, volcanics
and intrusions (Fig. 10).
A complex structural history clearly predates the formation of the Tertiary volcanics
and epithermal deposits. Pre-existing small-scale structures influence overlying, later
structures to some extent where they are close by -as shown by Cottrill (1990) and
Bannister (2001) (fig, 10). It is not so obvious how much they influence the later
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structure where there is a thick Tertiary volcanic pile- especially in the south and east
of the peninsula.

Host Rock of the Mineralization.
Mineralization is most common in the Miocene volcanics and sediments (e.g. Simpson
C.R.J., 1996; Price, L.J., 1989) but also exists in the Pliocene Whitianga Group
(Moore C.R., 1976; Torckler L., 1978; Sumantri T.A.F., 1991). The Mesozoic
basement only appears to be mineralised at its very top, just below its unconformable
contact with the overlying Miocene rocks. (Cottrill D.A., 1990) (Fig. 10).

Faulting.
Fault patterns in the Coromandel Peninsula are poorly known, because of the lack of
good marker horizons, the widespread alteration and weathering in the Tertiary rocks.
A large number of postulated faults, particularly in earlier theses, are very conjectural
and based on subjective interpretations of photo or magnetic lineaments. When factual
information only is considered, the number of definite faults which can be plotted is
reduced drastically. However, in the northern part of the peninsula a rectangular
pattern of NNW trending and ENE trending faults appears to be well established
(Skinner, 1986; Cottrill, 1990; McFarlane, 1992). Some of these patterns are also
visible offshore to the NE and north of the peninsula. (Thrasher, 1988). In the south it
seems that NNE-NE trends on faults are more significant (Nowell, 1990; Cargill,
1994; Begbie, 1997) (fig. 2, 10). In many parts of the peninsula, faults trending E-W
are frequently reported to be younger than other faults (Bannister, 2001; Stevens,
1980; Sumantri, 1991) (Fig. 10).

Slip vectors have been determined on only a few fault systems (Stevens, 1980;
Parkinson, 1980; Price, 1988). Most workers have not made any distinction between
apparent and true displacement ("separation" and "slip" respectively of Hill, 1981).
Determination of slip vectors based on assumed tectonic models (e.g. Skinner, 1967)
has to be considered suspect.
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At Manaia (fig. lo), Stevens (1980) determined dominantly sinistral strike-slip on an
E-W trending fault by recording offsets of bedding and a mineralised dextral
horizontal separation fault. This resulted in a slip vector plunging 30" to the east. At
Kuaotunu (Parkinson, 1980) (fig. lo), dominant fault movements are normal dip-slip,
both on earlier NNW trending faults and later ENE-NE trending faults. The NNW
faults have a dominant downthrow to the west. However, some of the NE trending
faults have experienced reverse movement. This may correspond to a similar regime
of NW-SE directed compression recorded from the Miocene Waitemata Group in the
vicinity of Auckland (Sporli, 1982). Vertical, laminated Coromandel Group Tuffs in
the Waitekauri Valley, near Waihi, are offset by vertical, NNE-trending dextral
separation faults (Rabone, 1971, p24). Because of the vertical dips of both the faults
and the offset marker, a component of dextral strike-slip must be involved in the
displacement. In the same area, columns in a post- Omahia Group ignimbrite have
been rotated to low plunges near an E-W trending fault, suggesting an upthrow
(separation) to the north, which is confirmed by the higher position of the ignimbrite
in that area. At the top of the Waitekauri Valley, at the Golden Cross open pit,
striations tend to pitch 30-40"s in fault planes which dip parallel to bedding- i.e. NNNEIsteep E. (Wills, 2001). This represents predominantly strike-slip movement with
a significant component of dip-slip, although senses of movement are not indicated.
Dextral strike-slip on N-S trending faults is implied in the fault jog model for the
Martha Lode at Waihi (Sibson, 1987). At Te Kaka Ridge near Tapu, both strike-slip
and dip-slip striations occur on the E-NE trending and NW trending faults, which
seem to be mostly younger than the vein systems (Price, 1988) (fig. 10). Complex
fault reactivation is indicated.

The Pleistocene to Recent Hauraki rift influences post-mineralization structures,
especially in the west of the peninsula (Merchant, 1978) and is represented by N-

NNW trending normal faults, which in part control some of the upfaulted basement
blocks. ENE- trending faults can be regarded as transfer faults between segments of
the rift and should therefore have some strike-slip movement (Merchant, 1978;
Cartwright, 1982; Price, 1988) (fig 2). However, on the east side of the peninsula (e.g.
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at Kuaotunu, Parkinson, 1980), the faults of the same direction are likely to be normal,
because of the influence of the Havre Trough/ Colville Ridge extension (Sporli, 1987)
(Fig. 9, 10).

Tilting.
Post Coromandel Group1 pre Whitianga Group eastwards and northeastwards tilting is
recorded from southern Great Barrier Island (Hayter, 1984; Ramsay, 1972; Henrys,
1982). Bannister (2001) has good evidence that southeastwards tilting, probably
related to the opening of the Hauraki Rift, is responsible, in part, for the uplift of
basement rocks at Mt Moehau- and therefore probably occurred in the last 5my. At
Coromandel the eastwards tilting may postdate the Whitianga Group (Skinner, 1967).
At Kuaotunu (Parkinson, 1980) (Fig. 1, 10) definite eastwards tilting of 10"-25" is
recorded by the unconforrnity at the top of the greywacke basement and must postdate
the Miocene sediments onlapping it. At Table Mountain, tilting is again eastwards and
is post Whitianga Group and pre Omahia Andesite (Hayward, 1971). Price (1988)
suggests an eastwards tilt of around 10". DeRonde (1985) recorded post Whitianga
Group eastwards tilting at Golden Cross, but Wills (2001) has eastwards tilting of 45"
occurring post Coromandel Group but pre Whitianga Group. She dates tilting as
between 7.5 and 6.6ma. Both Nowell (1990) and Sumantri (1991) postulate tilting of
around 20" to the east from the attitude of columnar joints at Thames and Karangahake
respectively. Coromandel Group units at Te Aroha mostly appear to dip towards the
east (Cochrane, 1969), but subhorizontal attitudes occur in some areas (Cartwright,
1982 (Fig. 10)).
The depth of the basement in the NE of the peninsula is certainly very different from
that in the SW. At Mt. Moehau, basement rocks are present at almost 1000m above
sealevel (Bannister, 2001), and at Tokatea, above Coromandel township, they are
550m above sealevel. (Cottrill, 1990). Nowell (1990) reports that an early borehole at
Thames encountered basement at 1200' (approximately 400m) below sea level, whilst
boreholes at Karangahake and Waihi failed to reach the base of the overlying Miocene
volcanics at 620m and 660m respectively (Sumantri, 1991; Cargill, 1994). This
marked deepening of the Jurassic-on-Miocene unconfomity (top of the basement)
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towards the south and east lends support to the eastwards/southeastwards tilting
suggested by many workers.

Folding.
All workers report complex folding in the basement rocks. Cottrill (1990) has NNW-N
trending fold axes, and suggests that the Tokatea area lies on the east limb of a major
synform. McFarlane (1992) defined at least four phases of folding, with various
orientations, and characteristics ranging from asymmetric isoclinal folds to gentle
buckles. Southerly plunging fold axes seem to be important. Bannister (2001) recorded
at least three phases of folding in the greywackes, including dome and basin
structures, and a significant SSE plunging trend for fold axes. Oligocene sediments at
Amodeo Bay are kinked on folds with a SEI horizontal axis and NNWIsteep E axial
plane, whilst Miocene sediments in the area also have kink folds and dome and basin
structures with NE plunging and NW plunging fold axes (Bannister, 2001).

Very few other folds have been recorded in the Tertiary sequence of the peninsula. At
Neavesville, a very open syncline trends NW (Torckler, 1978) and the Tertiary
sediments at Kuaotunu seem to form a N-S trending syncline (Parkinson, 1980). The
relation of these folds to mineralization is unknown, as is their tectonic significance.
Drag on nearby faults is one possible cause of the folds.

Structural control of veins.
Karangahake and Golden Cross are aligned on a NNE trending lineament, which could
be a major fault (DeRonde and Blattner, 1988). Wills (2001) notes that veining in the
Golden Cross open pit is concentrated in the hanging wall of the Western Boundary
Fault, and the 'Empire Stockwork Zone' is contained within an elongate rhombohedra1
block with sides dipping 40-50°N and 30-35"E.

Cargill (1994) describes the zone of veining at Martha, Waihi, as a rectilinear block of
faulted and fractured ground, with a trend of 060°, 1.7km long by 200m wide at the
surface, and narrowing with depth. If the model of Sibson (1987) for the Martha Lode
is correct, the quartz veins there represent true tension gashes associated with a N-S
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trending strike-slip fault system. In such systems there should be more or less
simultaneous development of mesoscopic faults and veins. It is interesting to note,
then, that Cargill states that most faulting occurred prior to veining and often cuts off
against the unconformity with the overlying rhyolite. Since he postulates that
mineralization was simultaneous with the rhyolite this infers that this phase of faulting
ceased prior to the onset of mineralization. He also sees that many rock defects are
occupied by veins, but frequently fractures extend beyond veins, and many pre
existing faults do not contain veins at all. He describes only minor faulting associated
with veining. This casts some doubt on the validity of Sibson's (1987) model for the
formation of the Martha Lode as a dilational jog in a large strike-slip system- faulting
and veining are apparently not simultaneous. The observations presented in Cargill
(1994) point to more of a reactivation model, with veining opening out earlier faults.

Some of the 'hanging wall gouges' described in other parts of the peninsula (e.g.
Couper,1975; Edwards, 1979) may be structures signifying simultaneous faulting and
veining, although much more careful study is necessary to determine whether the
faults are not significantly older than the vein, or, alternatively, are much younger
reactivations of the vein walls.

A persistent question is the role of the faults themselves as aquifers. Clay gouges
should be aquicludes, and therefore could act as traps along which hydraulic fracturing
can take place. Breccia faults, on the other hand, acting as aquifers, would allow direct
precipitation of gangue and ore minerals within the fault zone. Mechanisms of this
kind may have operated at Tui Mine, Te Aroha, (Cochrane, 1969), where the main
mineralised veins seem to coincide with a pair of conjugate faults. N-S trending faults
also seem to have localised mineralization at Kuaotunu (Parkinson 1980). It appears
that the portion of the Tokatea Big Reef which lies in the basement also represents a
N-S trending mineralised fault zone (Cottrill, 1990) (fig. 10).

During the heyday of the porphyry copper model, ring structures due to updoming or
caldera collapse were often postulated as structural controls on mineralization (e.g.
Merchant, 1978). Care needs to be taken to distinguish true ring structures, due to
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igneous processes, from pseudo-rings resulting from the intersection of three or more
straight fracture sets or photolineaments.

Lithological Control.
Lithology exercises some control on the formation of the fractures in which veins are
precipitated and along which alteration takes place. The differential response of
various rock types to deformation may also be influenced by pre-fracture alteration.

At Manaia, Coromandel (Stevens, 1980), very different styles of mineralization occur
in the greywacke basement (restricted to joints and fractures and occurring
preferentially in the argillites) and the Tertiary rocks (disseminated mineralization
with localised veins only). At Tokatea (Cottrill, 1990) over 80% of the veining occurs
in the Tertiary volcanics, with the rest occurring within or parallel to faults in the
basement or within or parallel to cooling joints in an andesite intrusion. In the
Maratoto area (Main, 1971) there is mineralization only in the Tertiary and not in the
basement. In the Tararu area, near Thames, there are more and better mineralised veins
(i.e. higher silver grade, but also greater concentration of As, Pb, Cu, and Zn) in the
Miocene rocks than the Mesozoic (Couper, 1975). However, elsewhere there are
mines which work both in the basement and in the Tertiary (Cornwell, 1967). At
Karangahake large veins are more or less restricted to the Coromandel Group
andesites, whilst Whitianga Group rhyolites are host to much thinner and more
irregular veining in a "stockwork" (Sumantri, 1991).

For the Tertiary, Ramsay, 1972 (Great Barrier Island), Engleback, 1984 (Waikawau
Bay) and Cartwright, 1982 (Te Aroha) all observe that more veins are present in
volcanic flow rocks than in pyroclastics, due to the more brittle behaviour of the flow
rocks. In some cases this appears to be compensated by the veins in the pyroclastics
tending to be larger than those in the flow rocks (Engleback, 1984). At other localities
the lithological control seems to be reversed in that veins are more common (but more
irregular) in the pyroclastics than in the flow rocks (Moore, 1976, Whitianga Group;
Hayward, 1971, Table Mountain). At Golden Cross there are conflicting reports.
C.R.J.Simpson, 1996 says that in the underground mine, tuff units with a high primary
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permeability are more highly altered but less well veined than flow rocks. Wills, 2001,
considers that the pyroclastics in the open pit host not only more alteration, but also
more mineralization. On the other hand, M.P.Simpson, 1996, claims that in the Golden
Cross system, the lava flows are more highly altered than the tuffs and volcanic
breccias, putting this down to the fact that the former have a much better permeability
due to greater fracturing, whilst the higher primary porosity of the latter does not result
in good permeability.
Whitianga Group flow bandedlspherulitic rhyolites at Paku Island, Tairua,
(Rutherford, 1970) contain soft opal whilst hard, dense opaline veins are present in
glassy rhyolites. Phenocrystic lavas have no veins.

Apparent control by alteration has been observed at Coromandel (Edwards, 1979),
where highly altered greywacke hosts chalcopyrite-rich base metal sulphide veins,
whilst those in weakly altered greywacke are sphalerite-rich. At Monowai (Lawton,
1973) and Waitekauri Valley (Rabone, 1971), more veins are present in highly altered
zones. Veins also occur in sinters (Ramsay, 1972; Torckler, 1978). On great Barrier
Island (Ramsay, 1972) there is a change from fracture-fill reefing to replacement
reefing with increasing distance from the sinter.
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1.5.2 Vein System scale.

Vein Patterns.
Simple vein patterns are straight and planar (Tokatea Big Reef, Coromandel, Skinner,
1976), but can include low angle en echelon arrays (Golden Cross, DeRonde, 1985;
DeRonde and Blattner, 1988). Segments can be linked, as in the main Maria and
Welcome Lodes at Karangahake (Anstiss, 1984), leading to systematic changes in vein
orientation and constant axes of vein deflection (e.g. steeply N plunging at
Karangahake) (Fig. ll(ii)). These structures record plane (biaxial) strain, although
smaller scale veins at Karangahake show more complex patterns which in part may be
related to columnar jointing (Sumantri, 1991). In the extensional jogs at Martha Mine,
Waihi (Sibson, 1987), vein deflections and intersections occur on both horizontal and
vertical axes and therefore record triaxial strain. (Fig. ll(i)) Vein patterns at Hauraki
Mine, Coromandel (Skinner, 1967, p212) are even more complex and may indicate
tensional opening of a multiphase fault system.

"Stockworks" have been described by Moore, 1976, Merchant, 1978, Robson, 1979,
Stevens, 1980, Erceg, 1981, Nowell, 1990, Sumantri, 1991, Cargill, 1994, Panther,
1996, and Wills, 2001. Although "stockworks" are sometimes zones of high grade
mineralization, their internal geometry and structural development are poorly
understood. Workers are often confused by preconceived expectations of a random
nature to "stockworks", which conflicts with their observations of regular structuresometimes very regular -within these vein networks. (See chapter 9.5.)

In some deposits there is more small-scale veining and silicification in the footwall of
larger veins than in the hanging wall (e.g. the Tokatea Big Reef, Coromandel, Cottrill
1990). Elsewhere the hanging wall of major veins is host to more small scale veining
and silicification e.g. Karangahake, where even large veins terminate downwards on
the hanging wall of the Maria Lode (Sumantri, 1991), Martha, where the zone which is
in the hanging wall of both the Martha and Welcome Lodes is intensely veined and
"stockworked" (Cargill, 1994; Pantherl996), and in the Waiotahi Valley in Thames
where a zone of intense silicification grades into "stockwork" in the hanging wall of
large veins. (Nowell, 1990). Large veins with very shallow dips branch from the

Chapter I

Introduction

footwall of the Empire Vein Zone at Golden Cross (e.g. Begbie, 1997). On the other
hand, the hanging wall of the same system has no such branches, only a higher level
"stockwork" zone of thinner veins with regularly varying but generally steeper
attitudes (e.g. Wills, 2001)

Vein distributions are often controlled by pre-existing features. Cargill (1994) reports
veins at Martha following pre existing faults-or sometimes isolated sections of a fault.
Cottrill, 1990, has veins following faults in the basement rocks and columnar joints in
the overlying volcanics and an intrusion. Other areas where veins are seen to follow
columnar joints include Thames (Nowell, 1990), Karangahake (Sumantri, 1991) and
Golden Cross (Irwin, 1993; Begbie, 1997).

Vein Orientations.
On Great Barrier Island and at the northern end of the Coromandel Peninsula, the
major trend of quartz veins is NNW to N. A minor NE to ENE trend is often present
and is usually the younger of the two. (Smale, 1962; Skinner, 1967; Rarnsay, 1972;
Robson, 1979; Parkinson, 1980; Erceg, 1981; Henrys, 1982; Engleback, 1984; Fisher,
1986; Cottrill, 1990). Further south, the NNW direction becomes progressively less
important, whilst a NE to N trend is increasingly important. From Coromandel
township, the NE trend is the dominant trend, though a minor NW trend still persists.
The NNW veins here are younger than those of NE strike (Cornwell, 1967; Fergusson,
1970; Ovens, 1976; Stevens, 1980). At Tararu (Couper, 1975), a significant number of
ENE-striking veins appear, though veins with a NNE strike dominate. Immediately to
the south, at Thames, the two directions are equally important, but the NNW trending
veins still represent a minor group (Lawton, 1973; Merchant, 1978; Nowell, 1990).
East of Thames, at Broken Hills and Neavesville, NNW trending veins are more
common than ENE and N striking veins (Moore, 1976; Torckler, 1978). At Broken
Hills, the NNW trend is older than the ENE trend (Moore, 1976).
Still further south, N to NE (usually NNE) is once again the dominant and older vein
trend, with secondary NW trends still occasionally present (Main, 1971; Rabone,
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1971; Cartwright, 1982; Anstiss, 1984; DeRonde, 1985; Oldfield, 1990; Sumantri,
1991; Cargill, 1994; Begbie, 1997; Wills, 2001). At Te Aroha minor E-W trending
veins occur in addition to the normal set (Cochrane, 1969).

1.5.3 Vein Scale (Meso to Microscopic) features.

Shape of Veins.
Veins are mostly parallel sided (e.g. Cargill, 1994), but downward- thinning veins

1

have been described from the Waiorongomai area (Cartwright, 1982). The stepping,
curved, offsets and mutual offsets, braids, vugs, boxwork, pinch and swell geometries
described by Gadsby, Sporli and Clarke (1990) are frequently reported by later
workers (e.g. Nowell, 1990; Cargill, 1994; Begbie, 1997). Termination of veins can be
wedge-shaped or involve 'swallowtails' or 'horsetail' (e.g. Price, 1988; Cottrill, 1990)
Lensoid veins have been described from the Waitekauri Valley (Rabone, 1971), Tui
Mine (Cochrane, 1969), the Coromandel area (Edwards, 1979) and Kuaotunu
(Parkinson, 1980).

Vein Fillings.
There are two major groups of vein filling: 1. Tokatea type consists of coarse buck or
comb, often amethystine, quartz (Dowling and Morrison, 1988; Dong at al, 1995) and
is common in the Coromandel goldfield and the Thames Bonanza deposits (e.g.
Cottrill, 1990; Nowell, 1990). Rates of quartz deposition appear to have been slow and
fluid concentrations low. 2. Golden Cross twe, consists of crustiform, intricately
layered veins, including cryptocrystalline, flinty, sulphide rich phases (Dowling and
Morrison, 1988; Dong et al., 1995). These are interpreted to have precipitated rapidly
from oversaturated solutions. Examples include Golden Cross (DeRonde, 1985;
Simpson C.R.J., 1996 etc), Broken Hills (Moore, 1976), Great Barrier Island (Ramsay,
1982). The old miners used the name 'flinties' for such veins. Black K-feldspar rich
cryptocrystalline phases at Karangahake (Anstiss, 1984) show microscopic structures
indicating alternation of brittle and ductile deformation and even a limited amount of
pressure solution, although this type of vein-fill is macroscopically massive (Fig. 12).
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This probably indicates alternation of gel and sol state in the newly precipitated vein
material. Other structures within veins indicating viscous ductile-type flow in gels are
described at Golden Cross (Begbie, 1997; Wills, 2001), and Martha (Cargill, 1994).

Some of the larger deposits, including Martha (Cargill, 1994), Karangahake (Sumantri,
1991) and Thames (Nowell, 1990), include both Tokatea and Golden Cross type vein
fills. Some deposits show a vertical zonation in the fills of their veins. Martha has
more microcrystalline and crustiform quartz in the top 120m and more buck quartz at
depth. (Cargill, 1994). Oldfield, 1990 reports finer grained quartz, more quartz
pseudomorphs after calcite and more sulphide rich material at higher rather than lower
levels of the mineralised Gladstone Hill, Waihi. In the Waiotahi Valley at Thames
Nowell, 1990, saw fine quartz and silicified zones in lower levels giving way upwards
to 'dogtooth' quartz veins. Karangahake shows vertical zonation of mineralization
type and grade as well as having more calcite at depth (Sumantri, 1991). At Golden
Cross, too, the late calcite is only present in the lower levels of the open pit and is
most common in the upper levels of the underground mine (Begbie, 1997; Wills,
2001). In addition, the Golden Cross open pit has banded veins present only in its
lowest levels, and in its upper levels only veins filled with amorphous, barren quartz
are present (Wills, 2001). Early quartz pseudomorphs after calcite occur only in the
open pit (i.e. upper part of the system).

Repeated pulses of carbonate deposition have been recognised in several vein systems
(e.g. DeRonde, 1985; DeRonde and Blattner, 1988). Bladed calcite replaced by quartz
indicates boiling. A few systems have distinct late carbonate vein phases e.g. Golden
Cross (Begbie, 1997). Manganese- rich phases such as rhodochrosite and rhodonite are
occasionally present as gangue minerals (Main, 1971; Ramsay, 1972; Couper, 1975).

Pyrite seams are frequently reported as the first phase of veining-or at least very early
in the sequence (e.g. Nowell, 1990; Sumantri, 1991; Irwin, 1993; Cargill, 1994;
Begbie, 1997). Amethystine quartz is sometimes early, as in the Tokatea Big Reef
(Cottrill, 1990) and sometimes late as at Karangahake (Sumantri, 1991). 'Flinty' veins
are recorded as late at both Martha (Cargill, 1994) and Thames (Nowell, 1990).
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Replacement reefing with indistinct margins and much included country rock material
can be distinguished from simple fracture fill veins with sharp wall contacts and little
included material (Rabone, 1971; Ramsay, 1972; Anstiss. 1984). At several localities
mineralised late oblique veins occur within the main vein (e.g. Cochrane, 1969;
Merchant, 1978; Cottrill, 1990).

In higher temperature systems (e.g. Tui Mine, Cochrane, 1969), early precipitated
galena shows ductile deformation, and complex pulses of deposition of quartz,
chalcedony and different sulphide assemblages has occurred. Massive ore is present in
single or multiple bands within the quartz veins, sometimes dipping in the same and
sometimes in the opposite direction as the quartz vein. Within these bands, the ore
minerals are themselves zoned, so that galena is dominant in the hanging wall and
chalcopyrite in the footwall. Deformed galena has also been reported from the
Coromandel district (Edwards, 1979). In the same area, chalcopyrite-rich base metal
mineralization is again concentrated in the footwall of veins. At Maratoto (Main,
1971), fractured galena crystals have later been cemented by hessite and aguilarite,
whilst fractures in pyrite are healed by chalcopyrite and sphalerite.

Breccius.
There are a large variety of breccias. 'Pebble dykes' have been described by Cornwell
(1967), Merchant (1978), Edwards (1979), Stevens (1980) and Fisher (1986), whilst
Cottrill (1990), Cargill (1994) and Bannister (2001) describe 'breccia' and 'clastic'
dykes. Cargill (1994) discusses their origin as possibly sedimentary or alternatively
hydrothermal pebble dykes, but notes that they almost never channelled fluids in later
hydrothermal phases. There are many reports of multiple phases of brecciation within
veins (e.g. Anstiss, 1984; Begbie, 1997). 'Jigsaw' breccias (Gadsby et al, 1990) are
described in the Tararu and Waiotahi valleys, near Thames (Couper, 1975, and
Nowell, 1990, respectively), at Tokatea (Cottrill, 1990), Karangahake (Sumantri,
1991), Martha (Cargill, 1994) and Golden Cross (Begbie, 1997). 'Rosette' breccias
(Gadsby et al, 1990), where clasts of country rock or earlier vein material have
become coated by (mostly comb textured) quartz, occur at Thames (Nowell, 1990),
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Tokatea (Cottrill, 1990) and Karangahake (Sumantri, 1991). Layered breccias (Gadsby
et a]., 1990), some showing sedimentary structures such as grading, cross bedding,
sorting and channel fills are most commonly reported in assocation with the Golden
Cross type vein fills: clasts may be of country rock or earlier vein material. (e.g.
Cargill, 1994; Begbie, 1997, Wills, 2001).

Breccias have been noted in veins within Whitianga Group rocks (e.g. Golden Hills,
Moore, 1976), veins in Coromandel Group rocks (e.g. Golden Cross, C.R.J.Simpson,
1996) and basement hosted mineralised veins (e.g. near Coromandel township,
Edwards, 1979). Clasts of greywacke within quartz veins at Waikawau Bay (East coast
of Coromandel Peninsula) indicate considerable horizontal or vertical transport, since
the nearest outcrop of greywacke is 12km away (Engleback, 1984) (they are probably
much closer downwards).

The origin of most of these breccias is not known and it is probable that a wide range
of formation mechanisms is represented. In most cases thesis authors do not attempt to
address either the question of whether a breccia forms by tectonic, volcanological or
sedimentary processes and then later fluid action causes the 'hydrothermal'
appearance, or whether the hydrothermal fluid is an integral part of the brecciation
process-e.g. brecciation caused by a pressure drops during operation of the valve or
suction pump models of Sibson et a1 (1988). In practise it can be very difficult to
distinguish different mechanisms of brecciation. C.R.J.Simpson (1996) separates
small-scale breccias with limited transport of clasts as being due to high fluid flow
pressures and postulates that larger scale brecciation may be due to tectonic
disturbances. This is actually speculative, especially since the fluid flow rate must be
intimately related with, among other things, tectonic processes. Rigorous research on
the origin of these breccias is important in addressing the origin of Coromandel
mineralization.
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Other Local Controls on Mineralization.
Vertical zonations of ore minerals have been noted by Main (1971), Moore (1976),
Merchant (1978) and Sumantri (1991). Some of these zonations are cone shaped with
a downward pointing apex. (Main, 1971).

Within certain veins, mineralization is concentrated in the form of 'shoots'. Mushroom
shaped elongate bodies of high base metal concentration plunge 30' south at Tui Mine
(Cochrane, 1969). Zones of high gold concentration at Karangahake (Anstiss, 1984;
Sumantri, 1991) pitch steeply northwards within the veins and are parallel to the
deflection axes of vein orientation mentioned earlier. At Kuaotunu (Parkinson, 1980),
the reefs are lens-shaped and display lens-shaped distribution of ore. Structures
crosscutting reefs are often important in controlling subsequent mineralization-usually
along their intersection lines. In the Thames area they include faults, cross reefs and
'flinties' (Merchant, 1978; Nowell, 1990), faults at Maratoto (Main, 1971), and the
broad corridor of silicification at Broken Hills (Moore, 1976). At Thames all the
bonanza ores were apparently hosted in a single flow unit, known as 'the Premier
Flow' (Nowell, 1990).

Other controls of optimum conditions for ore deposition include; locations where the
veins change direction- at Maratoto an eastwards swing is important (Main, 1971);
veins of a particular orientation (Cochrane, 1969; Parkinson, 1980; Cottrill, 1990); and
reefs which display a minor amount of strike-slip movement (Main, 1971). On Great
Barrier Island, Ag-Sb mineralization is to be found in breccias, whilst Ag-Au-As
mineralization is restricted to quartz veins (Erceg, 1981). At Whangapoua (Robson,
1979), sulphides most commonly coat joint planes, particularly in highly altered zones.
Whilst pyrite is ubiquitous, Au and Hg are restricted to quartz veins. At Tokatea, vugs
and cavities in reefs were frequently associated with bonanza ore as were pyrite and
white quartz veins (Cottrill, 1990).

Alteration.
In many instances, propylitic alteration predates formation of quartz veins (Edwards,
1979; Stevens, 1980; Anstiss, 1984, Oldfield, 1990; Cottrill, 1990). Alteration must
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have a strong influence on the strength of rocks in which veins are emplaced.
Depending upon the type of alteration it may lead to the formation of highly irregular
or discontinuous veins.

Structural influences on alteration patterns include 'telescoping' of a concentric
pattern of alteration zones (Robson, 1979). Faults may also provide windows into
more highly altered parts of the system (Robson, 1979). Earlier faults and reefs may
provide the locus for hydrothermal fluids. At Neavesville, for instance, K-silicate
alteration follows steep faults (Torckler, 1978) and at Monowai, Gladstone Hill
Waiotahi Valley and Karangahake, silicification occurs along the hanging wall of the
reef (Merchant, 1978; Oldfield, 1990, Nowell, 1990, Sumantri, 1991). According to
Cargill (1994), though, the least altered rocks at Martha are frequently adjacent to
faults. Nowell (1990) notes that 'hard bars'-i.e. zones of less than usual alterationparallel major reefs (though it is not clear how close hard bars are to reefs). At Broken
Hills, an important NNE-trending 'corridor' of silicification cuts across quartz reefs.
(Moore, 1976).
A late iron oxide and jarosite phase of staining associated with quartz veining is
present at several localities, for instance at Maratoto (Main,1971), Broken Hills
(Moore, 1976), Hot Water Beach (Ovens,1976) and Te Kaka (Price, 1988), and is due
to downwards percolation of acid-sulphate waters (DeRonde and Blattner, 1988).
While this late phase appears to be mainly following topography, locally it is strongly
influenced by pre-existing fractures.

I.5.4 Summary.
The theses and publications reviewed provide interesting insights into the structure of
the epithermal deposits of the Coromandel Peninsula, even though most theses do not
have a structural emphasis. Despite the limitations of mapping in the Coromandel
Peninsula- combinations of highly weathered and altered rocks in most areas and thick
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bush cover in some areas and an absence of marker horizons - much objective
structural information is presented in theses.

Each deposit has its own unique, and often complex, history and although similar
themes of processes occur, each deposit must be considered individually. Assumptions
about the structural history do not carry from one deposit to another, and careful
observations must be made. Some deposits seem to open under plane strain, whilst
other open under three-dimensional strain of varying complexity. A single, unified
stress system may be inadequate to describe all the veining in the area, especially since
very many deposits have several phases of veining, with different orientations for
different phases. It may be necessary to apply different methods of study to different
deposits, depending upon the individual characteristics of the deposit and the
availability of objective data.

